Kaji I, Yasuoka Y, Karaki S, Kuwahara A. Activation of TRPA1 by luminal stimuli induces EP4-mediated anion secretion in human and rat colon. Am J Physiol Gastrointest Liver Physiol 302: G690-G701, 2012. First published December 29, 2011; doi:10.1152/ajpgi.00289.2011 physiology, anion and fluid secretion is an important function for host defense and is induced by changes in the luminal environment. The transient receptor potential A1 (TRPA1) channel is considered to be a chemosensor in several sensory tissues. Although the function of TRPA1 has been studied in GI motility, its contribution to the transepithelial ion transport system has rarely been discussed. In the present study, we investigated the secretory effect of the potential TRPA1 agonist allyl isothiocyanate (AITC) in rat and human colon using an Ussing chamber. The mucosal application of AITC (10 Ϫ6 -10 Ϫ3 M) induced Cl Ϫ and HCO 3 Ϫ secretion in a concentrationdependent manner, whereas the serosal application induced a significantly weaker effect. AITC-evoked anion secretion was attenuated by tissue pretreatment with piroxicam and prostaglandin (PG) E2; however, this secretion was not affected by TTX, atropine, or extracellular Ca 2ϩ depletion. These experiments indicate that TRPA1 activation induces anion secretion through PG synthesis, independent of neural pathways in the colon. Further analysis also indicates that AITCevoked anion secretion is mediated mainly by the EP4 receptor subtype. The magnitude of the secretory response exhibited segmental heterogeneity in rat colon. Real-time PCR analysis showed the segmental difference was corresponding to the differential expression of EP4 receptor and cyclooxygenase-1 and -2. In addition, RT-PCR, in situ hybridization, and immunohistochemical studies showed TRPA1 expression in the colonic epithelia. Therefore, we conclude that the activation of TRPA1 in colonic epithelial cells is likely involved in the host defense mechanism through rapid anion secretion. colonic chemosensing; prostaglandin E2 THE EPITHELIUM OF THE GASTROINTESTINAL (GI) tract functions not only as a gate for water and nutrients but as a barrier between the luminal and internal environments. Recent studies have suggested that luminal sensory molecules in the small intestine influence nutrient metabolism and local physiological responses (1, 31, 32). Molecular identification of sensory receptors, such as olfactory, taste, and thermo-receptors, which are part of the transient receptor potential (TRP) family, has helped to elucidate chemical-sensing systems that detect the luminal state. However, the physiological roles of these receptors in colonic ion transport have rarely been investigated at the organ level. In particular, transepithelial anion secretion followed by fluid secretion is regulated by diverse systems, including the nervous, endocrine, and immune systems (4, 17), and is considered an important function for host defense. Therefore, experiments at the tissue or organ levels are important for understanding the contribution of luminal sensory mechanisms to colonic secretion.
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The TRP channel member A1 (TRPA1 or ANKTM1; Ref. 22) was first identified as a cold-sensitive cation channel in mouse sensory neurons (45) and is thought to play a role in nociception. Because TRPA1 is activated by multiple environmental irritants, such as acrolein (in cigarettes) and pungent compounds, including allicin (in garlic), cinnamaldehyde (CA; in cinnamon), and allyl isothiocyanate (AITC; in mustard and wasabi), TRPA1 is a chemosensor in nociceptive neurons (9) , rat urinary bladder (46) , and human keratinocytes (5) . Endogenous inflammatory mediators are also able to activate TRPA1, e.g., bradykinin (7) and hydrogen peroxide (2) in mouse (m) TRPA1, and prostanoid metabolites in human (h) TRPA1 (48) . In addition, it has been reported that TRPA1 expression and sensitivity are increased under inflammatory conditions in mouse sensory neurons (12, 39) . Furthermore, TRPA1 acts as a mechanosensor in the GI tract (11, 28) , and mechanical hypersensitivity under inflammatory conditions has been observed in mouse (29) and rat rectal colon (41) .
TRPA1 expression in colon has been demonstrated by several techniques, including Northern analysis in humans (44) and RT-PCR in mice, rats, and dogs (16, 42, 50) . In human and rat duodenum, TRPA1 was found in enterochromaffin cells by in situ hybridization (ISH) (38) . Most recently, Poole et al. showed TRPA1 protein expression in colonic enterocytes and myenteric plexus in mice using immunohistochemistry (IHC) (43) . Our own recent study suggests the involvement of TRPA1 in the colonic secretory response induced by luminal thymol, an herb extract (25) . In an earlier study by Ochi (40) , it was reported that luminal applications of spice extracts, including radish and wasabi, but not chili pepper, modulate intestinal motility in rabbit small intestine in vivo. These observations suggest that TRPA1 functions as a luminal chemosensor. Moreover, the response to AITC, a main pungent compound in radish and wasabi, was lost in neurons taken from TRPA1-deficient mice (8, 37) , indicating that AITC is a specific TRPA1 agonist. AITC has been used to study gastrointestinal motility: it induces longitudinal muscle contraction in isolated mouse colon through the TTX-sensitive neural pathway (42) and causes gastrointestinal contraction in conscious dogs (16) . However, the function of TRPA1 in the transepithelial ion transport system has rarely been investigated. In the present study, we investigated the secretory effect of the potent TRPA1 agonist AITC and the expression of TRP channels in colonic crypts to clarify TRPA1 activity in the colonic epithelia.
MATERIALS AND METHODS
Human intestinal specimens. This study was approved by the Institutional Review Board of Shizuoka Saiseikai General Hospital and of University of Shizuoka. Informed consent in writing was obtained from all donors. Surgical specimens of human ascending and sigmoid colon were obtained from patients undergoing extirpation for carcinoma. The age of patients was 68.8 Ϯ 1.7 yr (mean Ϯ SE; n ϭ 19; male: 12, female: 7). Nonpathological regions were cut from the specimens, and these regions were immediately placed in ice-cold Krebs-Ringer solution (bathing solution) saturated with 95% O2-5% CO 2 and transported to the laboratory. Krebs-Ringer solution contained (in mM) 117 NaCl, 4.7 KCl, 1.2 MgCl2, 1.2 NaH2PO4, 25 NaHCO 3, 2.5 CaCl2, and 11 glucose.
Animals and tissue preparation. Adult male Wistar rats (SLC, Hamamatsu, Japan) weighing 220 -330 g were used. Animals were fed pellet diets (Type MF; Oriental Yeast, Tokyo, Japan) with water ad libitum. They were anesthetized with ether and decapitated by guillotine. The colonic segment was removed and immediately placed in ice-cold Krebs-Ringer solution. The segment was cut open along the mesenteric border, and luminal contents were gently removed. This tissue sheet was divided into three regions, with the proximal, middle, and distal colons distinguished as described previously (26) . The handling and death of animals were conducted in accordance with the Guidelines for the Care and Use of Laboratory Animals of the University of Shizuoka, and the study was approved by the University of Shizuoka Animal Usage Ethics Committee.
Short-circuit current measurements. Muscle-stripped, mucosa-submucosal preparations were used for both human and rat colon. Preparations with a cross-sectional area of 0.64 cm 2 were mounted between the halves of an Ussing flux chamber. The mucosal and submucosal surfaces of the tissue were bathed with 10 ml of KrebsRinger solution by circulation from a reservoir maintained at 37°C. Short-circuit current (Isc) was continuously measured by voltageclamp at zero potential (SS-1335; Nihon-Koden, Tokyo, Japan). I sc was referred to as positive when current flowed from the mucosal to the serosal side. Tissue conductance (Gt) was measured at 1-min intervals. Transepithelial potential difference (PD) was calculated from I sc and Gt by Ohm's law. Isc was recorded on a chart recorder (Recti-Horitz-8K; Nihon-Denki San-ei, Tokyo, Japan) and a PowerLab system 4/26 (ADInstruments, Cattle Hill, Australia). To check tissue viability, preparations were electrically stimulated by passing a current parallel to the plane of the tissue via a pair of aluminum foil ribbon electrodes placed on the submucosal surface. Rectangular electrical field stimulation (EFS) pulses of 25 V, 5 Hz, and 0.5-ms duration were applied for 120 s. Modified Krebs-Ringer solutions (i.e., Cl Ϫ -free, both Cl Ϫ -and HCO 3 Ϫ -free, and Ca 2ϩ -free solutions) were made according to a previous study (25) . Whole-thickness preparations, including muscle layers and serosa, of rat colon were unavailable for measurements of Isc. Because the colonic muscle layers of rats are thicker than that of mice or guinea pigs, it is thought that whole-thickness tissues are placed under ischemia conditions in the Ussing chamber.
Chemicals. AITC and CA were obtained from Kanto Chemical (Tokyo, Japan); DMSO, bumetanide, 5-Nitro-2-(3-phenylpropylamino) benzoic acid (NPPB), 3-tropanyl-3,5-dichlorobenzoate, and SB204070 were from Sigma (St. Louis, MO); piroxicam was from Biomol Research Laboratories (Plymouth Meeting, PA); TTX and HC030031 were from Tocris (Ellisville, MO); and PGE2 and AH6809 were from Cayman Chemical (Ann Arbor, MI). ONO-AE3-208 was kindly gifted by Ono Pharmaceutical (Tokyo, Japan). TTX was dissolved in citrate buffer (pH 4.8), whereas other drugs were dissolved in DMSO and stored at Ϫ20°C. The final DMSO concentration in the bathing solution did not exceed 0.3% (30 l) .
Data analysis and statistics. All data are expressed as means Ϯ SE. The n values represent the numbers of human patients or animals.
Paired or unpaired and one-or two-tailed Student's t-test (method selection was based on the statistical hypothesis) were used to determine the statistical significance between two experimental groups. Among three or more groups, multiple comparisons by Tukey-Kramer's test or Dunnett's test, followed by one-way ANOVA, were used to determine the statistical significance of each group against the control. P Ͻ 0.05 was considered statistically significant. Concentration-response curves were fitted to a sigmoid curve by the nonlinear-square procedure using KyPlot (KyensLab, Tokyo, Japan).
Crypt isolation. Rat colonic segment was cut and opened along the mesenteric border, rinsed in warm PBS, and divided into three regions as described above. Each segment was incubated in a centrifuge tube with 15 ml of Krebs-Ringer solution (pH 7.4) containing 5 mM DTT, 1 mM glutamate, 30 mM EDTA, and 0.1% BSA for 30 min on ice. After incubation, the tube was shaken for 30 s. The treated segments were gently scraped with a rubber policeman to isolate the crypts, which were centrifuged at 100 g for 3 min at 4°C. The crypt pellets were rinsed three times with cold PBS. The residual submucosa and muscle tissues were further scraped by rubber policeman and rinsed with cold PBS to exclude epithelial cells. Total RNA was immediately extracted from the crypt pellets and the residual submucosal and muscle tissues.
RT-PCR analysis. Total RNA was extracted from crypt pellets and the residual submucosal and muscle tissues using a Nucleospin kit (Macherey-Nagel, Duren, Germany) and was purified with RQ1 RNase-free DNase set (Promega, Madison, WI) according to the manufacturer's instructions. Complementary DNA (cDNA) was then synthesized from 300 ng of the RNA samples using a First Strand cDNA Synthesis Kit for RT-PCR (Roche Applied Science, Mannheim, Germany). Synthesized cDNA and primers were stored at Ϫ20°C until use. PCR was performed using 25 ng of cDNA or extracted RNA for negative control (RTϪ). Primer sequences were according to previous studies (25, 53) . Thermal cycle condition for TRP channels were as follows: an initial denaturation at 94°C for 5 min, followed by 40 cycles of denaturation at 94°C for 30 s, combined annealing at 55°C for 30 s, and extension at 72°C for 1 min. Because the expression level of ␤-actin mRNA is higher than that of TRP channel mRNAs, the amplicon was diluted to 1:10 before analysis by electrophoresis.
To quantify the segmental differences in the expression levels of TRPA1, EP 4, cyclooxygenase (COX)-1, and COX-2, real-time PCR was performed. The samples of cDNA for real-time PCR were synthesized with a ReverTra Ace qPCR RT Kit (TOYOBO, Osaka, Japan) according to the manufacturer's instructions. Real-time PCR was performed using a Rotor-Gene Q Cycler 6000 and Rotor-Gene SYBR Green PCR Kit (QIAGEN, Tokyo, Japan). Expression levels of TRPA1, EP4 receptor, COX-1, and COX-2 were evaluated in each segment of colon. The expression of the house keeping gene ␤-actin was assessed based on a previous study (49) . The sequences of specific primer pairs are described in Table 1 . The relative concentrations of specific gene products were calculated by ⌬⌬CT method. Each sample was analyzed in triplicate.
ISH. ISH was performed basically according to the method described by Suzuki et al. (47) . From the total RNA of rat colonic mucosa, a 487-bp fragment (211-697) of rat ␤-actin cDNA and a 499-bp fragment (929-1,427) of rat TRPA1 cDNA were obtained by RT-PCR. Digoxigenin-labeled cRNA probes were prepared from 50 ng PCR products using a DIG (digoxigenin) RNA labeling Kit (Roche Diagnostics, Tokyo, Japan).
The segment of rat middle colon was fixed in 4% paraformaldehyde (PFA)/0.1 M phosphate buffer (PB) at 4°C overnight and processed in paraffin. Tissue sections were sliced into 3-m-thin slices and mounted on glass slides.
Deparaffinized sections were digested with 5 g/ml proteinase K (Roche Diagnostics) at 37°C for 10 min, postfixed in 4% PFA, treated with 0.2 N HCl, and acetylated with 0.15% acetic anhydride in 0.1 M triethanol amine (pH 8.0) for 10 min each. After treatment with 3% hydrogen peroxide for 1 h, the sections were dehydrated and air-dried. A total of 50 l of a hybridization mixture (mRNA In Situ Hybridization Solution; DakoCytomation, Kyoto, Japan) containing 1/100 of synthesized cRNA probe was used and hybridized with the sections for 16-18 h at 50°C. After hybridization, the sections were immersed briefly in 5 ϫ SSC (1 ϫ SSC: 0.15 M NaCl and 0.015 M sodium citrate), then washed in 50% formamide/2 ϫ SSC for 30 min at 55°C. After being rinsed in 1ϫ TNE (10 mM Tris·HCl, pH 7.6, 1 mM EDTA, 0.5 M NaCl) for 10 min at 37°C, the sections were treated with 10 g/ml RNase A (Roche Diagnostics) for 30 min at 37°C. After being rinsed in 1ϫ TNE for 10 min at 37°C, the sections were stringently washed sequentially in 2ϫ SSC, 0.2ϫ SSC, and 0.1ϫ SSC for 20 min each at 55°C. After being rinsed in TBS-2T (0.01 M Tris·HCl, pH 7.5, 300 mM NaCl, 0.5% Tween-20) three times for 5 min, and in 0.5% casein/TBS (0.01 M Tris·HCl, pH 7.5, 150 mM NaCl) for 10 min, the sections were reacted with a 1:400 diluted horseradish peroxidase (HRP)-conjugated rabbit anti-DIG F (ab=) fragment antibody (DakoCytomation), 0.07 M biotinylated tyramide solution, and 1:500 diluted HRP-conjugated streptavidin (DakoCytomation) for 15 min each at room temperature. Finally, color was developed using the DAB Liquid System (DakoCytomation) and counterstaining with Mayer's hematoxylin. ISH reactivities were observed by microscope (Axio Observer Z1; Zeiss, Munich-Harlbergmoos, Germany), and the images were captured using a cooled charge-coupled device digital camera system (Axio Vision 135, Zeiss).
IHC. The segment of rat middle colon was taken and immediately frozen with optimal cutting temperature compound (TissueTek; Sakura Finetechnical, Tokyo, Japan) in liquid nitrogen and sectioned (10 m) on a cryostat. Sections on glass slides were air-dried and immersed in Zamboni's fixative (2% PFA and 0.2% picric acid in 0.1 M PB, pH 7.4) for 30 min at 4°C. Fixed sections were rinsed in PBS (3 ϫ 10 min) and incubated with a blocking solution of 10% normal donkey serum and 1% Triton X-100 in PBS for 1 h at room temperature. Preblocked sections were then reacted with a rabbit anti-mouse/ rat TRPA1 antibody (kindly gifted by Dr. Tominaga, Okazaki Institute for Integrative Bioscience, Japan) diluted to 1 g/ml in PBS containing 0.3% Triton X-100 (PBS-T) at 4°C overnight, rinsed in PBS (10 min ϫ 3), and incubated with fluorescent secondary antibody (1:500; Molecular Probes, Eugene, OR) and 4=,6-diamidino-2-phenylindole (DAPI, 1 g/ml; Dojindo Molecular Technologies, Kumamoto, Japan) in PBS-T for 1 h at room temperature. TRPA1 antibody specificity was tested by preabsorption with five volumes of antigen peptide for 24 h at 4°C. Immunoreactivity and nuclei stained by DAPI were observed using a fluorescent microscope (Axio Observer Z1, Zeiss).
RESULTS

Electrical activity of mucosa-submucosal preparations.
Basal electrical parameters were measured when basal I sc and G t stabilized. Table 2 shows the PD, I sc , G t , and the increase in I sc induced by EFS in human and rat colon. We observed significant differences among segments. In human colon, whereas G t values were similar in ascending and sigmoid colon, I sc of ascending colon was significantly higher than that of sigmoid colon. In rat colon, I sc and G t of proximal colon were significantly higher than in other regions ( Table 2) .
Effect of AITC on electrical activity in human and rat colon. In human ascending and sigmoid colon, the addition of AITC (10 Ϫ4 M) to the mucosal bathing solution transiently increased I sc (Fig. 1A) . AITC did not affect G t (data not shown). I sc increased to a peak at 3.6 Ϯ 0.8 min and achieved plateau at 30 -40 min after the application. The serosal application of AITC slowly increased I sc , and peak values were significantly smaller (P Ͻ 0.01 by unpaired t-test, n ϭ 4-5) than that of the mucosal application (Fig. 1, A and B) . There was no significant difference between the two regions.
In rat colon ( Fig. 1 , C and D), luminal AITC (10 Ϫ4 M) increased I sc with an increase in G t , and these levels were significantly different among regions (P Ͻ 0.001 by ANOVA). The greatest response to luminal AITC was observed in the middle colon (⌬I sc , P Ͻ 0.001 vs. other regions, TukeyKramer's test): I sc increased to a peak at 3.0 Ϯ 0.2 min, similar to that in human colon, and then returned to the basal level at 27.1 Ϯ 1.2 min after application. The serosal application of AITC induced increases in I sc with an increase in G t , which Values are means Ϯ SE; n, number of preparations; PD, potential difference; Isc, short-circuit current; ⌬Isc, change in Isc; Gt, tissue conductance; EFS, electrical field stimulation. Differences between regions were found by unpaired t-test (human) or ANOVA (rat). There are significant differences between symbols (P Ͻ 0.001). by Tukey-Kramer's test.
was significantly lower than those related to the mucosal application in the distal and middle colon. Only in the proximal colon was there no significant difference between the mucosal and serosal applications. The response to the serosal AITC in the proximal colon was significantly higher than in other regions (⌬I sc , P Ͻ 0.01). Because the present study focused on the luminal chemosensation, the following experiments were performed to clarify the effect of luminal AITC on ion transport using rat middle colon.
AITC-evoked I sc and G t increases were attenuated by replication. To construct concentration-response curves, various concentrations (10 Ϫ6 Ϫ10 Ϫ3 M) of AITC were individually added. Half-maximal response of I sc was induced at 1.7 ϫ 10 Ϫ4 M in human sigmoid colon ( Fig. 2A) and at 4.5 ϫ 10
Ϫ5
M in rat middle colon (Fig. 2B ). G t increased in an AITC concentration-dependent manner in rat middle colon in association with an increase in I sc , whereas G t in human sigmoid colon was not altered by AITC.
Effect of Cl Ϫ -and/or HCO 3 Ϫ -free solutions, bumetanide, and NPPB on AITC-evoked ion transport in rat middle colon. These experiments were designed to investigate the ionic basis for the increases in I sc evoked by luminal AITC. Two preparations of rat middle colon from one rat were used for the control and experimental groups. The response to AITC (10 Ϫ4 M) was measured under Cl Ϫ -free or Cl Ϫ -and HCO 3 Ϫ -free conditions. Both mucosal and serosal bathing solutions were replaced by these modified Krebs-Ringer solutions, and the absence of the anion(s) was confirmed by reduction of responses to EFS. In Cl Ϫ -free solution, basal G t , but not I sc , was decreased, from 11.2 Ϯ 1.5 to 7.8 Ϯ 0.6 mS/cm 2 (P Ͻ 0.05, n ϭ 5). In Cl Ϫ -and HCO 3 Ϫ -free solution, basal I sc , but not G t , was decreased, from 20.1 Ϯ 3.8 to 2.6 Ϯ 3.4 A/cm 2 (P Ͻ 0.001, n ϭ 4). AITC-evoked increases in I sc and G t were significantly decreased in the absence of Cl Ϫ and were abolished in the absence of both Cl Ϫ and HCO 3 Ϫ (Table 3 ). The Na ϩ -K ϩ -2Cl Ϫ cotransporter 1 (NKCC1) inhibitor bumetanide (10 Ϫ4 M) was added to the serosal bathing solution 15 min before the application of AITC. The addition of bumetanide itself gradually decreased basal I sc (Ϫ4.9 Ϯ 1.4 A/cm 2 , ⌬I sc ) without change in G t and significantly reduced AITC-evoked increases in I sc and G t ( Table 3) .
The apical Cl Ϫ channel blocker NPPB (10 Ϫ4 M) was added to the mucosal bathing solution 30 min before the application of AITC. Pretreatment with NPPB significantly decreased AITC-evoked increases in I sc (Table 3) . NPPB reduced the response to forskolin (10 Ϫ6 M) from 127.1 Ϯ 25.1 to 57.6 Ϯ 11.2 A/cm 2 (⌬I sc , P Ͻ 0.05, paired t-test, n ϭ 4). Effect of TTX on AITC-evoked anion secretion in human and rat colon. This experiment was designed to investigate the involvement of the enteric nervous system in the response to luminal AITC. Table 3) .
Effect of atropine on AITC-evoked anion secretion in rat middle colon. Recently, Yajima and colleagues (52) reported that nonneural ACh is released by colonic mucosa and is involved in anion secretion response to luminal propionate. To investigate whether an AITC-evoked increase in I sc was mediated by nonneural ACh, the muscarinic receptor antagonist atropine (10 Ϫ5 M) was added to the serosal bathing solution 15 min before the application of AITC (10 Ϫ4 M). Pretreatment with atropine abolished the response to its potent agonist carbachol (10 Ϫ5 M) but did not affect basal I sc and G t or the response to AITC (Table 3) .
Effect of 5-HT receptor antagonists on AITC-evoked anion secretion in rat middle colon. In isolated enterochromaffin cell-enriched fraction from rat small intestine, 5-HT is released by AITC and CA (38) . To investigate whether 5-HT is involved in the response to luminal AITC, 5-HT receptor antagonists were used: 3-tropanyl-3,5-dichlorobenzoate for 5-HT 3 receptor and SB204070 for 5-HT 4 receptor. Pretreatment of serosal bathing solution with each antagonist (10 Ϫ5 M) individually did not affect the response to AITC (10 Ϫ4 M). The coapplication of these antagonists abolished the response to the serosal addition of 5-HT (10 Ϫ5 M) but did not alter the AITC-evoked I sc and G t increases (Table 3) .
Effect of HC030031 on AITC-and CA-evoked anion secretion in rat middle colon. The TRPA1 selective blocker HC030031 (10 Ϫ4 M) was added to the serosal or mucosal bathing solution 5 min before the mucosal application of AITC (10 Ϫ4 M). HC030031 itself did not affect basal I sc and G t in either serosal or mucosal bathes. Serosal treatment with HC030031 did not affect the response to AITC, whereas mucosal treatment significantly inhibited the response to AITC of both I sc and G t (Table 3) .
To confirm the apical TRPA1 activity, another TRPA1 agonist, CA (10 Ϫ4 M), was applied to the mucosal bathing solution in the presence or absence of HC030031 in the mucosal bath. The response to CA was similar to the response to AITC (i.e., I sc transiently increased to a peak at 2-3 min with an increase in G t , and gradually returned to the basal level: Fig. 3A ), but peak values were smaller than that of AITC. Mucosal treatment with HC030031 significantly attenuated the response to CA (Fig. 3, B and C) .
Effect of piroxicam and exogenous PGE 2 on AITC-evoked anion secretion in rat middle colon. COX products are involved in the colonic ion transport system. In particular, PGE 2 induces Cl Ϫ secretion in rat colon in a concentration-dependent manner (14) and enhances the effects of other secretagogues (18, 24) . To examine the involvement of the PG synthesis pathway in AITC-evoked anion secretion, the effect of a nonselective COX inhibitor piroxicam and/or exogenous PGE 2 was tested. Piroxicam (10 Ϫ5 M) was added to the mucosal bathing solution 15 min before the addition of AITC (10 Ϫ4 M) to the mucosal bath. Mucosal treatment with piroxicam decreased the basal I sc (Ϫ4.3 Ϯ 0.9 A/cm 2 , ⌬I sc ). AITC-evoked increases in I sc and G t were significantly decreased in the presence of piroxicam (Table 3) . The mucosal addition of PGE 2 (10 Ϫ5 M) in the presence or absence of piroxicam increased I sc (24.5 Ϯ 4.2 A/cm 2 and 26.1 Ϯ 9.9 A/cm 2 , respectively; ⌬I sc ) and then achieved plateau. After 15 min, AITC was applied to the mucosal bath. AITC failed to increase I sc and G t in the presence of exogenous PGE 2 , even in the absence of piroxicam (Table 3 ). These results suggest that AITC stimulates PGE 2 synthesis.
Effects of TTX, piroxicam, and PGE 2 among rat colonic regions. These experiments were designed to investigate whether basal neuronal activity and prostaglandin production were involved in the segmental differences, the basal electrical parameters, and the response to AITC. The serosal addition of TTX (10 Ϫ6 M) did not affect basal I sc and G t , in proximal, distal, or middle colon. Therefore, our results indicate that neuronal activity was not induced by the tissue preparation procedure in any of the colonic regions.
The serosal addition of piroxicam (10 Ϫ5 M) decreased basal I sc , but not G t , in all regions. There was segmental difference among the regions (Fig. 4A) . The effect of piroxicam in the proximal colon was significantly smaller than that in the middle colon. In the presence of piroxicam, the serosal addition of PGE 2 (10 Ϫ5 M) increased I sc with segmental differences (Fig. 4B) . The transient increase in I sc in the middle colon was significantly higher than in the other regions (n ϭ 4 -5, Tukey-Kramer's test).
Effect of EP receptor antagonists on AITC-evoked anion secretion.
The PGE 2 receptor EP family includes four subtypes, and EP 2 and EP 4 receptors are involved in colonic anion secretion (35) . Selective antagonists for EP 1 and EP 2 (AH6809) and for EP 4 (ONO-AE3-208) were used to investigate whether AITC-evoked anion secretion was mediated by EP receptors. AH6809 (10 Ϫ5 M) was added to the mucosal or serosal bathing solution 10 min before the mucosal application of AITC (10 Ϫ4 M). Mucosal treatment with AH6809 did not affect basal I sc and G t or AITC-evoked I sc and G t increases. Serosal treatment with AH6809 slightly increased the basal I sc (4.1 Ϯ 1.0 A/cm 2 , ⌬I sc ) but did not alter the response to AITC (Table 3) . ONO-AE3-208 (10 Ϫ5 M) was added to the mucosal or serosal bathing solution 10 min before the addition of AITC (10 Ϫ4 M). Mucosal pretreatment with ONO-AE3-208 decreased basal I sc (Ϫ6.2 Ϯ 2.9 A/cm 2 , ⌬I sc ) and AITC-evoked I sc and G t responses by 90% and 50%, respectively (Table 3) . Serosal pretreatment with ONO-AE3-208 also decreased the basal I sc (Ϫ11.2 Ϯ 2.8 A/cm 2 , ⌬I sc ) and the response to AITC as well as mucosal pretreatment (Table 3 ). In rat proximal and distal colon, mucosal pretreatment with ONO-AE3-208 also decreased the basal I sc (Ϫ8.4 Ϯ 3.4 A/cm 2 and Ϫ13.3 Ϯ 3.5 A/cm 2 , respectively, n ϭ 4; ⌬I sc ). There was no significant difference in the effect of EP 4 antagonist on basal I sc among the three colonic regions. The AITC-evoked increases in I sc and G t were completely abolished in the proximal and distal colon.
The effect of ONO-AE3-208 on the AITC-evoked increase in I sc was investigated in human sigmoid colon. As shown in the time course in Fig. 5A , the mucosal addition of ONO-AE3-208 itself decreased the basal I sc (Ϫ9.9 Ϯ 2.1 A/cm 2 , ⌬I sc ) and AITC-evoked I sc responses (Fig. 5B) .
Effect of Ca
2ϩ removal on AITC-evoked anion secretion in rat middle colon. We have previously reported that TRPA1-dependent thymol-evoked anion secretion requires extracellular Ca 2ϩ (25) . In contrast, the PGE 2 -evoked increase in I sc was not reduced by Ca 2ϩ removal from the bathing solution in guinea-pig distal colon (18) . To test whether extracellular Ca 2ϩ is required for AITC-evoked anion secretion, Ca 2ϩ -free bathing solution was used. Both mucosal and serosal bathing solutions were replaced by modified Krebs-Ringer solution. Depletion of extracellular Ca 2ϩ did not affect the basal I sc or G t but completely abolished the response to EFS. The response to AITC (10 Ϫ4 M) was not altered by extracellular Ca 2ϩ removal (Table 3) . Expression of TRPA1 in rat colonic epithelia. Crypt isolation is an efficient way to prevent contamination of subepithelial cells and nerves in lamina propria (52) . To confirm TRPA1 expression in epithelial cells, RT-PCR was performed using colorectal crypts compared with the residual tissues; i.e., submucosa and muscle layers containing enteric neurons. TRPA1 mRNA was detected in isolated crypts of all regions used in this study (Fig. 6A) . In addition to TRPA1, Fig. 6B shows the expression of TRPV1-4 and TRPM5, which have been reported to be localized in mouse colon (10, 33, 50) . Expression levels of TRPA1, TRPV1, and TRPV4 were lower in the crypts than in the submucosa and muscle layers (residues), whereas TRPV3 expression in the crypts was higher than in the residual tissues. TRPV2 expression was not detected in the crypts. Only TRPM5 expression was strong both in the crypts and in the submucosa and muscle layers (residues). Three different animals were tested, and the same results were observed in each case.
In quantitative PCR analysis, no differences in TRPA1 expression levels in the isolated crypts were detectable among the colonic segments (Fig. 6C) . The expression levels of EP 4 receptor, COX-1, and COX-2 in the crypts of the proximal colon were significantly lower than those of middle and distal colon. No significant differences were detectable in the expression level of any tested molecules in the residual submucosal and muscle tissues among the three regions.
Tyramide-based ISH for TRPA1 showed that TRPA1-expressing cells appeared in the surface epithelium of rat middle colon (Fig. 7A) , supporting the results of present physiological experiments. TRPA1 expression was verified There was a significant difference among segments (P Ͻ 0.05, ANOVA). B: PGE2 induced increase in Isc under COX inhibition. The response to PGE2 in middle colon was the greatest among the 3 segments. *P Ͻ 0.05, **P Ͻ 0.01, and ***P Ͻ 0.001 by Tukey-Kramer's test. Values are expressed as means Ϯ SE. n ϭ 4 -5. by the absence of signals obtained in ISH with sense probe (Fig. 7B) . IHC for TRPA1 was performed using a specific antimouse/rat TRPA1 antibody. Immunoreactivity was detected in epithelial cells and subepithelial cells (Fig. 7D) . The preincubation of antibody with antigen peptide (absorption test) clearly abolished the immunoreactivity in epithelia but not the subepithelial cells (Fig. 7E) . TRPA1 expression on the apical membrane was observed under high-power field (magnification, ϫ400, Fig. 7F ). Moreover, a subpopulation of neurons in the rat nodose ganglion showed TRPA1 immunoreactivity (Fig. 7G) .
DISCUSSION
In the present study we demonstrated that TRPA1 is expressed in rat colonic epithelial cells and that luminal AITC (10 Ϫ6 -10 Ϫ3 M) induced Cl Ϫ and HCO 3 Ϫ secretion in a concentration-dependent manner in human and rat colon. Based on the present results, it is likely that TRPA1 activation increases PGE 2 synthesis and elicits anion secretion via a PGE 2 receptor EP 4 independent of neural and extracellular Ca 2ϩ -requiring pathways.
TRPA1-mediated anion transport in the colon. The addition of AITC to the mucosal side increased I sc in rat middle colon and human sigmoid colon in a concentration-dependent manner. Although AITC did not affect G t in human colon, in rat middle colon AITC increased G t accompanied by increases in I sc . One simple explanation is that the molecular bases for transepithelial ion transport in humans and rats may differ as a result of species difference. The species difference was also observed in the segmental characteristics of the basal electrical properties under the voltage clamp conditions ( Table 2 ). The basal G t in human ascending colon did not differ from the sigmoid colon; on the contrary, the basal G t in rat proximal colon was the largest among the colonic regions. In further experiments using rat middle colon, the absence of Cl Ϫ decreased the AITC-evoked increase in I sc by 80% and abolished the increase in G t . The basolateral NKCC1 inhibitor bumetanide decreased AITC-evoked I sc increases by 75%, and G t increases by 70%, indicating that transepithelial Cl Ϫ secretion was largely dependent on Cl Ϫ uptake by NKCC1. The nonselective apical Cl Ϫ channel inhibitor NPPB decreased AITCevoked I sc increases by 65%. The residual I sc response was abolished under the Cl Ϫ -and HCO 3 Ϫ -free condition, suggesting that AITC induces electrogenic anion secretion. In addition, in the present study, the half maximal effective concentration (EC 50 ) of AITC was calculated as 4.5 ϫ 10 Ϫ5 M in rat middle colon (Fig. 2) . Similar results were observed by rat TRPA1-transfected Xenopus oocytes (EC 50 The response to AITC in rat middle colon was potently reduced by the TRPA1 selective blocker HC030031. The inhibitory effect of HC030031 led to two different results depending on the method of administration; mucosal pretreatment with HC030031 was more effective than the serosal pretreatment (Table 3) . Several in vivo studies have reported that luminal administration of AITC induces small intestinal contraction in rabbits and dogs (16, 40) , and intravesical AITC induced urinary bladder contraction in rats (46) . These observations support our hypothesis that TRPA1 likely functions on the apical side of the intestinal epithelia. In the present study, RT-PCR in isolated crypts, as well as ISH and IHC experiments indicated the expression of TRPA1 in colonic epithelial cells although TRPA1 expression level was weaker than in submucosa and muscle layers (residual tissue), including enteric neurons (Fig. 6, B and C) . We previously reported that the serosal application of AITC and CA induced smaller responses than the mucosal application (25) . In the present study, we confirmed that this polarity was consistent with that in human colon (Fig. 1, A and B) . The luminal CA-evoked increase in I sc and G t was HC sensitive (Fig. 3) , suggesting that the activation of apical TRPA1 is not AITC specific.
The role of PGE 2 . It has been proposed that TRPA1 mediates mechanosensation in rat stomach (28) and mouse rectum (11) . PGs are released in response to distention and enhance ion secretion in rat colonic mucosa (15, 21) . In addition, acute inflammation induced by AITC in the skin and the intestine has been well investigated (20, 27) . Therefore, we were intrigued by the possibility of a relationship between TRPA1 activation and PG synthesis. In the present study, AITC-evoked anion secretion was attenuated by 80% by the COX inhibitor piroxicam ( Table 3 ), indicating that AITC-evoked anion secretion was mediated by PGs. We have previously reported that the luminal 6-PTU, a bitter taste receptor agonist, induced anion secretion depending on COX activity and that the secretion was enhanced by exogenous PGE 2 , rather than inducing PG synthesis (24) . In contrast to those observations, in the present study, exogenous PGE 2 did not enhance AITC-evoked anion secretion (Table 3) , even in the absence of COX inhibitor, suggesting that AITC induces PGE 2 synthesis. Though the mechanisms of PGE 2 contribution to 6-PTU-and AITCevoked anion secretion differ, PGE 2 is likely to play important roles in the luminal chemosensing systems. Previously, PGE 2 release elicited by AITC (10 Ϫ4 M) has been reported in rat urinary bladder (3) . In addition, other inflammatory mediator kinins are known to induce Cl Ϫ secretion through PGE 2 release in the colon (6, 36) independent of extracellular Ca 2ϩ (13) . In the present study, we demonstrated that AITC-evoked anion secretion was independent of neural activity or extracellular Ca 2ϩ ( Table 3 ), suggesting that AITC-evoked anion secretion is mediated by PG release through a Ca 2ϩ -independent process. Further evidence based on molecular techniques indicates that AITC does not increase intracellular Ca 2ϩ in mouse colonic epithelia (50) and that AITC-evoked TRPA1 current does not require extracellular Ca 2ϩ in HEK cells (23) . PGE 2 function in the gastrointestinal tract has been well studied in relation to its receptors EP 1 , EP 2 , EP 3 , and EP 4 . In particular, EP 2 and EP 4 , which are coupled to the cAMP pathway, mediate PGE 2 -evoked colonic secretion, but not EP 1 and EP 3 , which are coupled to an intracellular Ca 2ϩ pathway (35) . In this study, we have shown that a PGE 2 receptor subtype, EP 4 , is involved in AITC-evoked anion secretion in both human and rat colon (Fig. 5) . Pretreatment with an EP 4 selective antagonist (ONO-AE3-208) significantly decreased the basal I sc in human and rat colon, suggesting a basal activation of EP 4 by PGE 2 production consequence of the preparation. In the presence of ONO-AE3-208, AITC-evoked anion secretion was significantly reduced, whereas the EP 1/2 antagonist AH6809 did not affect the responses to AITC. Taking these observations together, TRPA1 activation appears to induce PGE 2 synthesis independent of extracellular Ca 2ϩ and to cause anion secretion through EP 4 receptor in colonic epithelia. If AITC directly stimulated EP 4 receptor, we would have seen increased anion secretion even under the conditions of COX inhibition. Furthermore, the TRPA1 blocker HC030031 did not attenuate the response to PGE 2 or the EP 4 receptor agonist ONO-AE1-329 (data not shown). Therefore, there may be no cross-activation between AITC and EP 4 receptor, and PGE 2 and TRPA1. Recently, EP 4 receptor has been found on the apical membrane of human and rat colonic epithelia using immunohistochemical techniques (30) . Because both serosal and mucosal pretreatment with ONO-AE3-208 abolished the response to AITC (Table 3) , we could not verify EP 4 receptor localization. However, the above evidence makes clear that a TRPA1-PGE 2 -EP 4 secretory pathway that is independent of the neural reflex exists in human and rat colonic epithelial cells.
Segmental difference in AITC-evoked secretion. Because segmental heterogeneity has been observed in the secretory response to luminal propionate or bitter tastant in rat colon (24, 51) , in the present study, rat colon was divided into three regions. Interestingly, AITC-evoked anion secretion clearly showed segmental heterogeneity in rat colon (Fig. 1, C and D) although the TRPA1 transcription level did not differ in isolated crypts taken from all regions tested (Fig. 6, A and C) . In the middle and distal colon, the mucosal application of AITC evoked significantly higher secretion levels than in the serosal application. In the proximal colon, there was no difference between the responses to the mucosal and serosal applications of AITC. Because the increases in G t response to AITC (Fig.  1D) were associated with the increases in I sc (Fig. 1C) in all colonic regions, the ionic bases of the response to AITC were likely common among the regions. It remains unclear why the response to serosal AITC is high in the proximal colon. The effect of luminal AITC was abolished by EP 4 receptor antagonist in all colonic regions, indicating a common mechanism across all the regions, at least in the response to luminal AITC. We found segmental heterogeneity in the PGE 2 -evoked increase in I sc (Fig. 4) . The order of responsiveness among the three segments was consistent with the response to AITCevoked I sc increases (Fig. 1C) . The low level of the response to AITC and PGE 2 in the proximal colon was likely due to the low expression level of the EP 4 receptor in isolated crypts, as well as that of COX-1 and COX-2 (Fig. 6C) . Taken together, these observations suggest that the segmental difference in AITC-evoked anion secretion is caused mainly by the different expression levels of COXs and EP 4 .
The possible role of TRPA1. TRPA1 appears to be frequently colocalized with TRPV1 in sensory neurons of rat DRG and nodose ganglia (28) . It has been reported that PGE 2 sensitizes TRPV1 because the threshold temperature of TRPV1 activation in the presence of PGE 2 was lower than that under normal conditions (19, 34) . The activation of TRPA1 may modulate TRPV1 sensitivity through PGE 2 synthesis. From the current observations, it is likely that TRPA1 activation is a trigger of PGE 2 synthesis, which is an important mediator in gastrointestinal homeostasis, in human and rat colonic mucosa. The serosal application of AITC did not alter mucosal ion transport or altered it only slightly, suggesting that TRPA1 is likely expressed in the apical membrane of epithelial cells. Therefore, PGE 2 may be synthesized in epithelial cells and stimulate anion secretion as an autacoid. Because colonic mucosa is continuously exposed to unexpected chemicals, including toxic compounds such as bacterial metabolites and the products of oxidative stress, epithelial cells most likely have various chemosensory systems to distinguish nutrients from other luminal contents and to flush away noxious chemicals. We propose that luminal noxious stimuli induce acute fluid secretion independent of neural pathways and that TRPA1 may play a key role in host defense mechanisms in the colonic mucosa.
